SUMMARY
To elucidate the molecular requirements for cancer cell internalization of the extracellular cysteine protease inhibitor cystatin C, 12 variants of the protein were produced and used for uptake experiments in MCF-7 cells. Variants with alterations in the cysteine cathepsin binding region ((Δ1-10)-, K5A-, R8G-, (R8G,L9G,V10G)-, (R8G,L9G,V10G, W106G)-, and W106G-cystatin C) were internalized to a very low extent compared to the wild-type inhibitor. Substitutions of N39 in the legumain binding region (N39K-and N39A-cystatin C) decreased the internalization and (R24A,R25A)-cystatin C, with substitutions of charged residues not involved in enzyme inhibition, was not taken up at all. Two variants, W106F-and K75A-cystatin C, showed that the internalization can be positively affected by engineering of the cystatin molecule. Microscopy revealed vesicular co-localization of internalized cystatin C with the lysosomal marker proteins cathepsin D and legumain. Activities of both cysteine cathepsins and legumain, possible target enzymes associated with cancer cell invasion and metastasis, were down-regulated in cell homogenates following cystatin C uptake. A positive effect on regulation of intracellular enzyme activity by a cystatin variant selected from uptake properties was illustrated by incubating cells with W106F-cystatin C. This resulted in more efficient down-regulation of intracellular legumain activity than when cells were incubated with wild-type cystatin C. Uptake experiments in prostate cancer cells corroborated that the cystatin C internalization is generally relevant and confirmed an increased uptake of W106F-cystatin C, in PC3 cells. Thus, intracellular cysteine proteases involved in cancer-promoting processes might be controled by cystatin uptake.
INTRODUCTION
Cystatins are natural protein inhibitors regulating the activities of papain-like cysteine cathepsins and legumain-like enzymes belonging to protease families C1 and C13, respectively (1) . The human cystatins are divided into three types. Type 1 includes the small intracellular inhibitors cystatin A and B (stefin A and B), expressed in most cells. Cystatin C, D, E/M, F, G, S, SA, and SN are cystatins of type 2, which as the type 1 cystatins are single-domain proteins but are synthesised with a signal peptide, hence being secreted and consequently found in body fluids. Among the type 2 cystatins, cystatins E/M and C are special with their ability to physiologically regulate both papain-like enzymes and legumain (2) , (3) . The inhibitors of type 3 (kininogens) are multi-domain cystatins and the main cysteine protease inhibitors in blood plasma and synovial fluid.
Regulation of proteases is of profound importance under normal physiological conditions. Besides participating in the lysosomal protein turnover some of the cysteine cathepsins and legumain are involved in the process of cancer invasion (4), growth and metastasis (5) , (6) , (7) .
Breast cancer is of particular interest for studies of the role of cysteine proteases, as it was early noted that cystatin E/M was downregulated in metastasis of breast cancer compared to primary tumors (8) . More recent studies strongly indicate that epigenetic silencing of the cystatin E/M gene is frequent in breast cancer, as well as in gastric carcinoma (9) , prostate cancer (10) and glioma (11) . Expression of cystatin E/M suppresses legumain activity and thereby invasion of human melanoma cells in Matrigel (12) .
Uptake of cystatin C in amounts sufficient to affect the activities of intracellular cysteine proteases was recently described in five human cancer cell lines (13) . The purpose of the present study was to investigate the structural requirements of the cystatin C molecule leading to efficient uptake and increased intracellular protease inhibition, in order to elucidate the initial steps of the molecular pathway leading to internalization. We have focused on MCF-7 (human breast adenocarcinoma) cells as it was shown that growth of these cells could be controlled by a cysteine protease inhibitor (14) . This cell line has previously been used to study the altered intracellular activities of proteases and their inhibitors typical of cancer generally (15) . The expression of both cathepsin B and L is also high in this cell line (16) .
EXPERIMENTAL PROCEDURES
Proteins-To produce variants of cystatin C site-directed mutagenesis (QuickChange II-E site-directed mutagenesis kit, Stratagene, La Jolla, CA) was used according to the manufacturer's recommendations. In short the pHD313 expression plasmid (17) was used as template for thermal cycling with primers encoding the different mutations. The nonmutated plasmids were digested while the mutated plasmids were purified and electroporated into XL1-Blue electrocompetent cells. Bacteria containing plasmids were selected on agar plates, clones were picked and subsequently grown in LB medium. The bacterial suspensions were used for isolation of plasmids followed by DNA sequencing (AB3010 Genetic Analyzer, BM-labbet, Lund, Sweden). Plasmids which contained correct mutations were electroporated into E. coli MC1061 bacteria for protein expression as described elsewhere (17) , (18) . N-terminally truncated cystatin C was obtained by incubating wild-type cystatin C with leucocyte elastase at the molar ratio 100:1 in 37°C for 4 h. (20) . For other variants of cystatin C the extinction coefficients were calculated by ProtParam (http://web.expasy.org/protparam/). As both these methods to determinate protein concentration have limitations we in addition measured the concentration by ELISA (see below). To ensure that the mutated cystatin C molecules were properly folded and functional as inhibitors an activity assay was performed. Buffer, enzyme, inhibitor and a fluorescent substrate were mixed in a 96-well microtiter plate. Buffer used for the cathepsin activity assay was 0.1 M sodium phosphate buffer, pH 6.0, with 1 mM EDTA and 4 mM DTT, and for the legumain activity assay 0.1 M Na 2 HPO 4 3/14 buffer, pH 5.8, with 0.1 % CHAPS, 1 mM EDTA and 4 mM DTT. Z-Phe-Arg-NMec was used as substrate for cathepsin B and Z-Ala-AlaAsn-NMec (Bachem; Bubendorf, Switzerland) for legumain. The fluorescence was monitored every 30 seconds 60 times in a Fluoroscan Ascent plate reader (Labsystems, Stockholm, Sweden) at excitation/emission wavelengths of 355/460.
Protein purification and characterization-
Protein labelling-Pure cystatin C was incubated with biotin ester (Life Technologies, Carlsbad, CA) or Alexa Fluor 488 (Molecular Probes Europe BV, Leiden, The Netherlands) according to the manufacturers' advice. The biotinylated cystatin C was according to papain titration functionally indistinguishable from nonlabelled cystatin C (data not shown).
Cells and reagents-One human breast adenocarcinoma cell line, MCF-7, and three human prostate cancer cell lines, PC3, DU145 and LNCaP (ATCC, Rockville, MD), were used. The cells were cultured in Dulbecco´s Modified Eagle´s Medium with 4500 mg/L glucose, GlutaMAX-I and pyruvate (Invitrogen) supplemented with 100 IU/mL penicillin/ streptomycin (Invitrogen) and 10 % fetal calf serum (FCS, Invitrogen). Cells were detached using 0.05 % Trypsin-EDTA (Invitrogen). Trypsin was inactivated by addition of complete culturing medium to the detached cells. After centrifugation the cell pellet was washed once with PBS without calcium or magnesium (Invitrogen) before lysis in 0.2 % Triton-X100 (Sigma-Aldrich Chemie, Steinheim, Germany) in PBS. A protease inhibitor cocktail was added to all cell homogenates to a final concentration of 5 mM benzamidinium hydrochloride, 15 mM NaN 3 and 10 mM EDTA.
Invasion and migration studies-MCF-7 cells (50,000) were starved for 4 h in basal medium with 0.1 % bovine serum albumin (BSA, SigmaAldrich Chemie). The cells were then seeded in starving medium in Matrigel invasion chambers or control inserts (both BD Biosciences, Bedford, MA), without or with addition of either 1 µM wild-type cystatin C or 1 µM of the cell permeable cysteine protease inhibitor E64d (Sigma-Aldrich Chemie). As chemoattractant, in the lower wells, BSA was replaced by 10 % FCS. After 20 h incubation (37°C, 5 % CO 2 ) the medium in the insert was aspirated and the Matrigel with non-invaded cells wiped off. The invasive cells on the lower surface of the membrane were stained with 0.25 % crystal violet, rinsed with water and then dried. The stained cells were dissolved in 10 % acetic acid. The absorbance of the solution was then measured at 560 nm in an ELISA plate reader. The results from the control cells were set to 100 % in each experiment.
Cell experiments-All experiments were basically performed in the same way: 400,000 cells were seeded in 24-well culture plates (Fischer Scientific Inc., Gothenburg, Sweden) and allowed to settle for 24 h. The cells were then washed with PBS once and incubated in 500 µL fresh medium without or with 1 µM of the different cystatin C variants including wildtype. At harvest the cells were incubated with 300 µL trypsin in 37°C for 10 min. Cell pellets were lysed in 250 µL lysis buffer and incubated overnight in 4°C. Finally the cystatin C and total protein content of the lysates were measured. The experiments were performed in triplicate at three different days. Control cells incubated in medium without cystatin C were included in each uptake experiment. The level of cystatin C in these cells represented the cells' own production and was thus subtracted from the measured cystatin C level in cells exposed to different cystatin C variants. 100% uptake was defined as the cystatin C content in cells incubated in medium containing 1 µM of the wild-type, after correction for endogenous cystatin C (as described above).
In time-response experiments MCF-7 cells were incubated with wild-type cystatin C or biotin labelled wild-type cystatin C for different periods of time: 5 min, 30 min, 2 h, 6 h and 24 h before harvest. The endogenous cystatin C was represented by control cells incubated in standard medium for 24 h. In control experiments no biotinylated cystatin C could be measured. To study the half-life of internalized cystatin C 200,000 MCF-7 cells were incubated with biotinylated wild-type cystatin C for 24 h. The cystatin C containing medium was then removed and the cells were washed twice with PBS before addition of fresh standard medium. Cells were harvested 0 min, 30 min, 2 h, 6 h and 24 h after medium change. The enzyme activity experiments were performed in cell culture microtiter plates (Nunc A/S, Roskilde, Denmark). A total of 80,000-100,000 cells were seeded and incubated for 6 h in 100 µL medium, without or with addition of 1 or 5 µM inhibitor. The medium was removed and the cells were washed with PBS prior to addition of 40 µL lysis buffer to the wells followed by 30 min incubation on a shaking plate. To study uptake of cystatin C in cell lines other than MCF-7, prostate cells (LNCaP, DU145 and PC3) were cultured and incubated with 1 μM biotinylated wild-type cystatin C, or 1 μM unlabelled wild-type or W106F-cystatin C, for 6-24 h, as described for the MCF-7 cells above.
Quantification of cystatin C in cells and mediaCystatin C in cell lysates was quantified by a double-sandwich ELISA specific for human cystatin C described elsewhere (21) . Briefly, wells in a 96-well microtiter plate were coated with a polyclonal rabbit anti-(human cystatin C) antibody (antiserum 8206) for capture of the antigen. A secondary biotinylated monoclonal mouse anti-(human cystatin C) antibody was then added followed by horseradish-peroxidase conjugated streptavidin and a substrate for detection.
To be able to specifically measure the internalized inhibitor we used biotin-labelled cystatin C for incubation with the cells and a modified ELISA method for detection. The capturing antibody was identical, but as the cystatin C was biotinylated the secondary antibody could be omitted. The microtiter plate with captured cystatin C was therefore incubated directly with horseradish-peroxidase conjugated streptavidin before addition of the substrate (22) .
Cystatin C levels in the lysates were correlated to total protein content measured by Coomassie Protein Assay.
Enzyme activity assays-Cells were lysed directly in the wells of a 96-well plate for activity assays performed in the same way as described above. The substrate Z-Phe-ArgNMec is a general substrate for degradation by cathepsins which is an advantage when cell lysates containing a flora of different cathepsins are studied. To analyze the specific activities of cathepsin B and legumain we included the substrates Z-Arg-Arg-NMec and Z-Ala-AlaAsn-NMec, respectively. The fluorescence was monitored at ex 355/em 460 in a Fluoroscan Ascent plate reader for 2.5 -5 hours.
To calculate the rate of the enzyme activity in relation to cell protein content 2 µL of each cell lysate was transferred to a new tube for Coomassie Protein Assay.
Confocal Laser Scanning Microscopy (CLSM)-Cells were seeded in a 8-well iBidi µ-slide chamber (iBidi GmbH, Martinsried, Germany) or on cover slips (Knittel Glasbearbeitung GmbH, Braunschweig, Germany) placed in 6-well culture plates (Fisher Scientific) and incubated for 6 h with 5 µM Alexa Fluor 488-labelled cystatin C. Then the cells were fixed with 2% paraformaldehyde for 20 min in the cold.
For immunocytochemistry cells were first permeabilized with 0.1% Triton-X100 for 4 min followed by blocking of unspecific binding sites with 1% bovine serum albumin. Cells were then incubated with primary antibodies either against cathepsin B (Santa Cruz Biotechnology, Santa Cruz, CA), legumain (R&D Systems, Minneapolis, MN) or cathepsin D (Abcam, Cambridge, UK) for 60 min before incubation with Alexa Fluor 568-labelled antibodies (Molecular Probes) for detection. The antibodies used were either donkey anti-goat IgG (H+L) or goat anti-rabbit IgG (H+L) depending on the primary antibodies. Specificity of the second antibodies was analyzed by incubating cells without the primary antibody solution.
Cells were incubated with Alexa Fluor 568-labelled transferrin (Molecular Probes) for the last hour of the 6 hour cystatin C incubation to study the co-internalization of the molecules. To study the co-localisation of the internalized cystatin C and acidic organelles Lysotracker (Molecular Probes) was added to the cell cultures when 2.5 h of the 6-hour incubation with cystatin C remained. Nuclei were stained with DAPI (4´,6-diamidino-2-phenylindole, dihydrochloride; Molecular Probes).
Cells on cover slips were mounted on microscope slides with Vectashield mounting medium (Vector Laboratories, Cambridge, UK). When iBidi-slides were used no mounting was needed.
Fluorescence was detected by CLSM using a Zeiss LSM 510 meta microscope. The settings were optimized for each fluorophore and images were separately grabbed and then merged with the overlay function.
RESULTS

Cystatin C variants for elucidation of structural requirements for cellular uptake-
The cystatin C molecule is a natural double-headed inhibitor with capacity to simultaneously bind and inhibit one cysteine cathepsin and one legumain molecule (2) . The cysteine cathepsin binding site includes amino acids at positions 8-11 in the Nterminal segment (Arg-Leu-Val-Gly), at positions 55-59 in the first hairpin loop (Gln-IleVal-Ala-Gly) and the amino acids at positions 105-106 in the second hairpin loop (Pro-Trp). In order to investigate whether the cysteine cathepsin binding site overlaps with a site required for uptake, the first set of cystatin variants produced included variants with substitutions of these residues. The variants R8G-, (R8G,L9G,V10G)-, W106G-and W106F-cystatin C were expressed in E. coli as well as a variant with combined alterations in both the Nterminal segment and the second hairpin loop (R8G,L9G,V10G,W106G)-cystatin C. Truncated cystatin C with the first ten amino acids of the N-terminal segment cleaved off was also included in the set, thereby eliminating the residues known to be important for cathepsin binding but also elimination of charged residues which might influence uptake or binding. To complete the series we expressed and isolated a cystatin C variant with K5A as the only substitution ( Fig. 1A-B) . To study the importance of the opposite side of the cystatin C molecule for uptake kinetics the key amino acid for legumain inhibition, Asn39, was altered either to a lysine or an alanine residue (N39K-and N39A-cystatin C; Fig. 1A-B) . Finally, we expressed and isolated two variants of cystatin C with substitutions of charged amino acids, supposedly located on the surface, in parts of the molecule not known to participate in enzyme inhibition, K75A-and (R24A,R25A)-cystatin C (Fig. 1A-B) .
Purity and size of the E. coli expressed cystatin C variants were analyzed by SDS-PAGE, which revealed a single protein band of size ~13 kDa in all cases (Fig. 1C) . The expected mass values after amino acid substitutions were confirmed by MALDI-TOF MS and the expected charge differences were verified by native agarose gel electrophoresis (data not shown). The purity of the expressed proteins was >95% according to all analysis methods.
The expression yields were relatively good for all variants compared to that for the wild-type protein, indicating no major defects in folding or stability due to the substitutions introduced. The inhibitory properties of the purified cystatin C variants were furthermore investigated, to provide final evidence that the scaffold protein domain was not seriously affected by the amino acid substitutions. To this end, assays with fluorogenic substrates for cathepsin B and legumain were used to independently monitor the variants' intactness in the cysteine cathepsinand legumain-binding sites.
The cystatin C variants with dramatic changes of amino acid residues at the cathepsin binding site ((R8G,L9G,V10G)-, (R8G,L9G,V10G, W106G)-, W106G-, W106F-cystatin C and the N-terminally truncated (1-10)-variant) were all poor inhibitors of cathepsin B. However the R8G-and K5A-cystatin C variants with minor changes at the same site were still functional as inhibitors (Fig. 1A, D) .
Legumain was inhibited by all cystatin C variants except N39A-and N39K-cystatin C, which was in agreement with expectations (Fig.  1A, E) .
K75A-and (R24A,R25A)-cystatin C, the two variants with amino acid substitutions in parts of the molecule not associated with enzyme inhibition were as efficient inhibitors of both enzymes as wild-type cystatin C (Fig. 1A, C , and D). The characterization of the cystatin C variants thus suggested that all retained a correct cystatin fold and capacity as inhibitors as expected.
Basic uptake kinetics for cystatin C-The MCF-7 cell line was selected for detailed studies on molecular requirements for cystatin C uptake (see Introduction), partly because it has been shown that both cell permeable and non-cellpermeable low-molecular-weight cysteine protease inhibitors have effects on its migration and invasion (23) , (24) . To test whether cystatin C can affect such biologically relevant properties of these cells, we performed Matrigel experiments comparing cells incubated with and without cystatin C (1 µM) added to the medium. The results demonstrated an effect essentially as large as that of the cell permeable inhibitor E64d on MCF-7 cell invasion, but also on its migration properties (Fig. 2) . The MCF-7 cells were incubated in standard culturing medium or medium containing 1 µM cystatin C for 5 min, 30 min, 2 h, 6 h or 24 h before lysis. The content of cystatin C in the cell extracts was analyzed with an ELISA specific for human cystatin C. The increase of cystatin C was rapid and pronounced, and continued throughout the 24 h experiment in agreement with previous results (13) (data not shown). The ordinary ELISA can not distinguish between cystatin C produced by the cells and cystatin C that has been taken up. In order to detect the internalized inhibitor exclusively we used biotin-labelled cystatin C for cell incubation and thus modified the ELISA method used for detection. This method showed that the uptake began immediately and continued during 24 h in a linear way (Fig. 3A) . To study the molecular fate of the internalized cystatin C, a pulse-chase experiment was conducted. Following incubation for 24 h in medium containing 1 µM biotinylated cystatin C, the cells were washed with PBS before the medium was replaced by standard medium. Cystatin C quantification in cell lysates showed that the internalized cystatin C could be detected up to 24 h after the medium was changed. In lysates of control cells incubated in standard medium without addition of biotinylated cystatin C no signal could be detected (Fig. 3B) .
We consequently conclude that cystatin C is internalized in MCF-7 cells in a linear fashion, that the internalization continues up to 24 h and that the turnover of the internalized cystatin C is slow.
Effect on uptake of amino acid substitutions in the binding site for papain-like cysteine cathepsins-The cystatin C variants with substitutions of amino acids in the papainbinding site of the molecule are K5A-, R8G-, (R8G,L9G,V10G)-, W106G-, W106F-and (R8G,L9G,V10G,W106G)-cystatin C. We also used a truncated form of cystatin C where the ten first amino acids of the N-terminal segment had been cleaved off (Fig. 1A-B) .
Cleavage of the N-terminal segment of the cystatin C molecule appeared to give rise to severe effects on uptake, as the median value was only 1 % of the uptake of the wild-type inhibitor (Fig. 4) . Among the first ten amino acid residues four are either charged or hydrophobic, properties that could affect the efficiency of the uptake. The median uptake (compared to the wild-type) of the other variants with substitutions of amino acids exclusively in the N-terminal part of the molecule, K5A-, R8G-and (R8G,L9G,V10G)-cystatin C, were 12, 1 and 18 %, respectively (Fig. 4) .
It was revealed that the second hair-pin loop with the conserved amino acid residue W106 is an important region of the molecule for uptake when the variants W106G-, W106F-and (R8G,L9G,V10G,W106G)-cystatin C were used. The impact of W106 turned out to be very strong as the uptake of (R8G,L9G,V10G,W106G)-and W106G-cystatin C was essentially not detectable (Fig. 4) . However, when the residue at position 106 was replaced by a phenylalanine the internalization was positively affected. The median value was 168 % of the uptake of wildtype cystatin C (Fig. 4) . Thus, our results indicate that the uptake of cystatin C in MCF-7 cells is dependent on both charged amino acids of the N-terminal segment and on a hydrophobic amino acid at position 106, domains which are involved in the inhibition of cysteine cathepsins.
Effect on uptake of amino acid substitutions in the binding site for legumain-The inhibitory site for legumain is situated on the opposite side of the cystatin C molecule compared to that responsible for cathepsin binding and appears to be centered around a critical asparagine residue at position 39. Consequently the uptake properties of two variants of cystatin C with amino acid substitutions of N39 were investigated (Fig. 1A-B) . Compared to the uptake of the wild-type inhibitor the median values for internalization of N39K-and N39A-cystatin C were 77 % and 22 %, respectively (Fig. 4) .
Effect on uptake of substitutions of charged amino acids not associated with enzyme inhibition-Two more variants of cystatin C were included in the uptake analyses, K75A-and (R24A,R25A)-cystatin C. Neither amino acid residues K75, R24 nor R25 are considered to take part in enzyme inhibition, but their charged properties at the surface of the molecule could possibly affect a cellular recognition and uptake process (Fig. 1A-B) .
Uptake of the double mutant (R24A,R25A)-cystatin C was not detectable, while K75A-cystatin C was taken up most efficiently with a median value 211 % of that for wild-type cystatin C (Fig. 4) .
Subcellular localisation of internalized cystatin C-Cells were incubated for 6 h with fluorescently labelled cystatin C before fixation and immunostaining with antibodies directed against possible target enzymes and subcellular markers. CLSM showed that the internalized Alexa Fluor 488-cystatin C aggregated in vesicular acidic compartments, resembling lysosomes, which is in agreement with previous results (13) (data not shown).
In order to investigate whether endo-lysosomal enzymes and cystatin C co-localize, additional immunostaining for endogenously produced lysosomal enzymes (9), (25) was performed on cells previously incubated with Alexa Fluor 488-cystatin C. Antibodies directed against legumain (Fig. 5A), cathepsin B (Fig. 5B ) or cathepsin D (Fig. 5C ) were used. Vesicular co-localization of Alexa Fluor 488-cystatin C and the lysosomal enzymes cathepsin D and legumain was seen, but no obvious co-localization of Alexa Fluor 488-cystatin C and cathepsin B could be found under the conditions of our experiment. Control experiments showed that endogenously produced legumain was co-located with both cathepsin D and B in intracellular compartments (Fig. 5D-E) .
Alexa Fluor 568-labelled transferrin (Fig. 5F ) was used for simultaneous incubation with Alexa Fluor 488-labelled cystatin C. This resulted in parallel uptake and co-localization in endosomes. These results indicate that after endocytosis the internalized cystatin C follows the lysosomally directed pathway to eventually end up in association to the target enzymes in the lysosome.
Effects of cystatin C uptake on intracellular protease activity-The cathepsin and legumain activity in cell lysates was measured after cystatin C uptake and compared to the activity in control cells. Cells were seeded in 96-well plates, incubated for 6 h with or without cystatin C and then lysed directly in the wells. Legumain activity was monitored by the cleavage of the fluorescent substrate Z-Ala-Ala-Asn-NMec. The substrate Z-Phe-Arg-NMec was used for analysis of cysteine cathepsin activity in general and Z-Arg-Arg-NMec was used for more specific analysis of cathepsin B activity (Fig. 6) . The inhibition of enzyme activity was found to be dose dependent when cells incubated with either 1 or 5 µM cystatin C were analysed. The enzyme activity was measured as increase of fluorescence (FU) per time unit (min) and then correlated to total protein content of the cell homogenate. To make sure that the decrease of fluorescence was due to cystatin C inhibition of the enzymes we added the inhibitor at a final concentration of 1.5 µM to homogenates of cells incubated in standard medium (Fig. 6) .
In all activity assays mentioned above the enzyme activity was inhibited in cells that had been incubated with cystatin C, suggesting that the internalized cystatin C is undegraded and functional as a cysteine protease inhibitor. Furthermore, it is clear that the amount of internalized cystatin C is substantial and significant as the total enzyme activity of the cells is influenced.
Regulation of intracellular legumain-The initial uptake experiments showed that the two cystatin C variants W106F-and K75A-cystatin C were internalized more efficiently than the wild-type inhibitor. This lead us to examine if the improved uptake would matter for intracellular target enzyme activity. Since the legumain inhibiting part is intact in these cystatin C variants, we used the legumainspecific substrate Z-Ala-Ala-Asn-NMec to monitor intracellular protease activity.
Cells were seeded in 96-well microtiter plates and incubated with either wild-type or W106F-cystatin C (1 µM) before lysis. Homogenates of cells incubated in standard medium without any cystatin C addition were used as controls, representing 100 % legumain activity. Legumain activity was even more reduced in lysates of cells after incubation with W106F-cystatin C compared to lysates from cells incubated with wild-type cystatin C (Fig. 7) , which is in accordance with its relatively more efficient internalization.
Cystatin C uptake in prostate cell lines-Three prostate cancer cell lines were studied to confirm that the uptake seen in MCF-7 cells is general for cancer cells. Uptake experiments in PC3, DU145 and LNCaP cells verified that internalization of 1 μM biotin-labelled cystatin C is prominent and comparable to the uptake in MCF-7 breast cancer cells (Fig. 8A) .
Cellular uptake of W106F-cystatin C was furthermore studied in PC3 cells, prompted by the improved uptake properties seen for this variant in MCF-7 cells. In PC3 cells, the mean cystatin C content after incubation with 1 μM wild-type cystatin C was increased to about 125 % of the basic level (Fig. 8B ). After incubation with W106F-cystatin C the content was about 3 times higher than the basic level, which indicate an even more pronounced uptake in PC3 than in MCF-7 cells.
DISCUSSION
Protease activity is generally elevated in cancer and contributes to cancer metastasis, growth, invasion and angiogenesis. Cystatin C is an excellent naturally occuring inhibitor of cysteine cathepsins associated to cancer, such as cathepsin B and L, and one of three inhibitors capable to also inhibit legumain (2) . We have previously presented data for several human cell lines from different tissues, demonstrating that cystatin C uptake appears to be a general phenomenon for cancer cells of different types (13) , (22) . In this study we have in addition shown a pronounced uptake in carcinoma cell lines (PC3, DU145 and LNCaP) from human prostate, verifying this notion. The possibility that the extracellular inhibitor cystatin C has impact on intracellular activities of cancerassociated enzymes should thus be considered. The human breast adenocarcinoma cell line MCF-7 was chosen for further analysis as it was previously used in studies of the effect of protease inhibition on cancer cell metabolism (23), (24) . The focus of this work was to delineate the first part of the internalization pathway by analyzing the importance of charge and hydrophobicity for uptake, as these properties have been shown to contribute to cellular internalization (26) , (27) , (28), to study the subcellular localization of the internalized inhibitor and the intracellular effects of the uptake.
With the aim to elucidate how the structure influences the uptake we expressed 12 variants of cystatin C (including wild-type) with substitutions of selected amino acids. The selection was based on charge and hydrophobicity of surface-located residues and most of the substitutions were introduced among the amino acids that form part of the enzyme inhibiting regions.
All variants with charged or hydrophobic amino acid residues replaced by glycines in the cysteine cathepsin binding region were scarcely internalized (median values: 1 to 18 % of wildtype) and in some cases even below the detection limit intracellularly. A hydrophobic amino acid residue at position 106 appeared to be a crucial feature as the uptake of W106G-and (R8G,L9G,V10G,W106G)-cystatin C was nearly abolished (median value 4 % and not detectable, respectively) compared to the uptake of wildtype cystatin C. Moreover, W106F-cystatin C was internalized more efficiently than wild-type cystatin C (median value, 168 % of wild-type) in MCF-7 cells. This result could be verified in PC3 cells, which suggests a specific uptake mechanism in part relying on an appropriate hydrophobic residue located on the cystatin C surface. The amino acid residue N39 at the opposite side of the cystain C molecule is considered important for legumain inhibition. In order to study this residue's impact on uptake, it was replaced either by a lysine or an alanine residue (N39K-and N39A-cystatin C). Both variants displayed reduced internalization, but N39K-cystatin C appeared to have the best uptake characteristics of the two (median 77 % of wildtype cystatin C compared to 22 % for N39A-cystatin C). This could mean that an Asn residue in position 39 of the cystatin contributes to initial cellular binding leading to internalization normally, but that loss of this contribution is partly compensated for by introduction of a positive charge. Such a positive effect of surface charge can also be deduced from our results with (R24A,R25A)-cystatin C, which showed internalization below the detection limit, indicating that the natural Arg residues in positions 24 and 25 are of importance for the uptake process.
K75A-cystatin C showed more than a doubled degree of uptake in spite of a lost surface charge (Fig. 1A) . This could possibly mean that the structure of the cystatin C molecule is affected by the amino acid substitutions although all the cystatin C variants used in this project were shown to still be functional inhibitors. Alternatively, the exchange of lysine in position 75 to alanine might allow the amino acid residue at position 39 to easier interact with an assumed receptor and thereby facilitate internalization, or will diminish unproductive binding of this side of the molecule to the cellular surface. The latter possibility would agree with productive binding to an uptake receptor by the side harboring R24 and R25 rather than the loop where K75 resides in the wild-type inhibitor (cf., Fig. 1A) .
The modified ELISA we used in the present study is an important tool to ensure that the difference in uptake is mechanistic and not dependent on differencies in the binding capacity of the monoclonal antibody used for standard detection of cystatin C. But biotinylation of the different cystatin C variants may introduce other problems, such as potentially different degrees of biotinylation of different protein variants. Biotin is attached to lysine residues which in some molecular variants were substituted. The wild-type cystatin C molecule contains 7 lysines of which typically 3 (range, 1-5) are biotinylated according to agarose gel electrophoresis and MALDI-TOF MS (data not shown). Modifications of the molecule by amino acid substitutions could possibly mildly affect the structure, and thereby expose normally hidden parts and influence the binding of biotin molecules. To avoid this we used unlabelled cystatin C variants for the uptake screening.
Both cysteine cathepsins and legumain are lysosomal enzymes participating in the normal protein turnover. Upregulated expression of the enzymes as well as increased activity has been seen in many tumors, including those of the breast, colon, ovary and prostate. Association of the enzymes to the plasma membrane and secretion to the extracellular matrix (ECM) occurs and leads to increased tumor cell invasion. Consequently cystatin C has the capacity to regulate the proteolysis in several locations, in addition to intracellularly also extracellularly as the ECM forming proteins laminin, fibronectin and collagen IV are substrates for cathepsin B and legumain. Cathepsin B could also indirectly affect the proteolytic cascade by activating other proteolytic enzymes including urokinase-typeproplasminogen (uPA) and matrix metalloproteases (MMPs) (7), (29), (30), (31), (32) , which regardless of whether it occurs intraor extracellularly could be counteracted by cystatin C according to our present results.
In all our experiments cells were incubated with 1 μM cystatin C which is a physiological concentration (33) and sufficient to influence invasion and migration of the MCF-7 cells under study (Fig. 2) . We demonstrated that the internalized cystatin C in cell homogenates influences the total enzyme inhibiting capacity of the cell. This implicates that it is possible to regulate the intracellular enzymatic activity as the inhibition was dose-dependent and depending on the uptake of the cystatin C variant. We also showed that cystatin C after uptake follows the lysosomally directed pathway and ends up in endo-lysosomal structures where it co-localizes with the target enzymes, which could enable an even more pronounced local in vivo effect than we could measure in total cell homogenates.
In cell homogenates we showed that both the cathepsin B and legumain inhibiting capacity, as well as total cysteine cathepsin inhibiting capacity, was suppressed when cells had been incubated with cystatin C. However, it is not clear from the present study if this effect is physiological regarding cathepsin B, since no obvious co-localization could be seen of labelled cystatin C with immunodetected cathepsin B by confocal microscopy. By contrast, legumain and the aspartic protease cathepsin D showed such co-localization with cystatin C. In the case of legumain, being a target for cystatin C binding and inhibition in vitro (2), the co-localization strongly indicates that the enzyme and its inhibitor indeed meet and, thus, that cystatin C uptake influences the activity of this cancerrelated enzyme in distinct subcellular compartments. Immunocytochemical control experiments showed that cathepsin D and legumain were found in the same intracellular compartments at double staining, as well as legumain and cathepsin B. It is possible that the two cathepsins sometimes are located in the same compartment and sometimes in different, and that cystatin C only ends up in the compartment with no cathepsin B. Further indepth studies are clearly merited to prove or disprove that internalized cystatin C really meets and inhibits cathepsin B intracellularly. Results supporting that cathepsin B and cystatin C indeed form a physiological enzyme-inhibitor pair with relevance for cell function have been published, demonstrating reduced penetration of Matrigel by squamous carcinoma SCC-VII cells when the cells overexpressed cystatin C and increased invasion when cathepsin B was upregulated (4). The differences between tissues and established cell lines and the variation in cell culture conditions make it difficult to understand the exact function of cystatin C in cancer cell processes. However, it is clear that cystatin C and possibly other cystatins play a role in regulation and fine-tuning of the participating proteases, both intracellularly and in the cell microenvironment. It will be important to address determinants for cystatin C uptake on the cellular surface in future work, to e.g. define receptors involved, in order to elucidate the entire pathway leading to cystatin internalization. The present study aimed to define structural determinants on the internalized inhibitor required for efficient uptake, to clarify the initial steps leading to internalization, and demonstrated that selected amino acid substitutions can promote uptake leading to upregulated intracellular protease inhibition. This indicates that targeting of intracellular cancerpromoting proteolysis via the cystatin pathway should be possible and may prove fruitful. 568-transferrin (red) was used to show co-internalization with Alexa Fluor 488-cystatin C (green). Nuclei were stained by DAPI (blue) in all images. Yellow, merged. Figure 6 . Dose-dependent inhibition of intracellular enzyme activity after incubation with cystatin C. Cells were seeded in 96-well plates and incubated with standard medium or medium containing either 1 or 5 µM cystatin C for 6 h. After cell lysis a fluorescent substrate, specific for the different enzymes, was added. An endpoint value of the fluorescence was measured after 2.5 h. Bars represent mean values (n=3-9) and are correlated to time and total protein content of the homogenate (fluorescence units/min/mg protein). The enzyme activity in lysates from cells incubated in medium without cystatin C addition was set to 100 % in each experiment. As a control cells where incubated in standard medium and lysed before addition of cystatin C. 
